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A New Humanized Mouse Model Mimics Humans in Lacking
«a-Gal Epitopes and Secreting Anti-Gal Antibodies

Fayez M. Saleh,*" Partha K. Chandra,” Dong Lin,® James E. Robinson,’ Reza Izadpanah,®
Debasis Mondal,*’" Christian Bollensdorff,# Eckhard U. Alt,§ Quan Zhu,**
Wayne A. Marasco,** Stephen E. Braun,** and Ussama M. Abdel-Motal™

Mice have been used as accepted tools for investigating complex human diseases and new drug therapies because of their shared
genetics and anatomical characteristics with humans. However, the tissues in mice are different from humans in that human cells
have a natural mutation in the «1,3 galactosyltransferase (a1,3GT) gene and lack a-Gal epitopes on glycosylated proteins,
whereas mice and other nonprimate mammals express this epitope. The lack of a-Gal epitopes in humans results in the loss of
immune tolerance to this epitope and production of abundant natural anti-Gal Abs. These natural anti-Gal Abs can be used as an
adjuvant to enhance processing of vaccine epitopes to APCs. However, wild-type mice and all existing humanized mouse models
cannot be used to test the efficacy of vaccines expressing a-Gal epitopes because they express a-Gal epitopes and lack anti-Gal
Abs. Therefore, in an effort to bridge the gap between the mouse models and humans, we developed a new humanized mouse
model that mimics humans in that it lacks «-Gal epitopes and secretes human anti-Gal Abs. The new humanized mouse model
(Hu-NSG/a-Gal™") is designed to be used for preclinical evaluations of viral and tumor vaccines based on a-Gal epitopes,
human-specific immune responses, xenotransplantation studies, and in vivo biomaterials evaluation. To our knowledge, our

new Hu-NSG/a-Gal™" is the first available humanized mouse model with such features.

204: 1998-2005.

he a-Gal epitope is a carbohydrate epitope that is syn-
thesized by the «l,3 galactosyltransferases (o1,3GT)
enzyme within the Golgi of the cell (1). Humans have a
natural mutation in the a1,3GT gene, and therefore they do not
express the enzyme or terminal a-Gal epitopes on glycoproteins
(2). In addition, the loss of a-Gal epitopes leads to the loss of
immune tolerance in humans and results in production of abundant
natural anti-Gal Abs (2). In contrast, mice have an intact a1,3GT

*Division of Immunology, Tulane National Primate Research Center, Tulane
University School of Medicine, Covington, LA 70433; "Department of Medical
Microbiology, Faculty of Medicine, University of Tabuk, Tabuk 71491, Kingdom
of Saudi Arabia; *Department of Pharmacology, Tulane University School of
Medicine, New Orleans, LA 70112; kgDepartmem of Medicine, Tulane University
School of Medicine, New Orleans, LA 70112; '“Department of Pediatrics, Tulane
University School of Medicine, New Orleans, LA 70112; ”Departmenl of Microbi-
ology, Lincoln Memorial University—Debusk College of Osteopathic Medicine,
Knoxville, TN 37932; *Precision Medicine, Research Branch, Sidra Medicine, Doha,
Qatar; and **Department of Cancer Immunology and Virology, Dana-Farber Cancer
Institute, Harvard Medical School, Boston, MA 02215

ORCIDs: 0000-0001-8417-8874 (FM.S.); 0000-0002-4396-3996 (P.K.C.); 0000-
0002-9215-9523 (J.E.R.); 0000-0002-6687-139X (E.U.A.); 0000-0002-4521-2678
(S.E.B.); 0000-0003-2696-0774 (U.M.A.-M.).

Received for publication December 2, 2019. Accepted for publication January 14,
2020.

This work was supported by grants from the National Institutes of Health (1R03
AI089352) to U.M.A.-M., the University of Tabuk to FEM.S., the Qatar Foundation,
and the Alliance for Cardiovascular Research to S.E.B.

Address correspondence and reprint requests to Dr. Ussama M. Abdel-Motal, Precision
Medicine, Qatar Foundation, Sidra Medicine, PO Box 26999, OPC-5th Floor | C5-323,
Doha, Qatar. E-mail address: uabdelmotal @sidra.org

Abbreviations used in this article: «1,3GT, al,3 galactosyltransferase; GTKO, 1,3GT
knockout; HSC, hematopoietic stem cell; IL-2Rvy, IL-2 receptor y-chain; NSG, NOD
SCID yc™'~; PB, peripheral blood; SNP, single nucleotide polymorphism; SWBC,

sheep whole blood lysate.

This article is distributed under The American Association of Immunologists, Inc.,
Reuse Terms and Conditions for Author Choice articles.

Copyright © 2020 by The American Association of Immunologists, Inc. 0022-1767/20/$37.50

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1901385

The Journal of Immunology, 2020,

gene and active al,3GT enzyme, therefore they express a-Gal
epitopes and lack anti-Gal Abs (3).

Studies in animal models have shown that disrupting or knocking
out the a1,3GT gene resulted in complete absence of a-Gal epi-
topes (4-6). The a1,3GT knockout (GTKO) mice lack the a-Gal
epitope by targeted disruption of the a1,3GT gene with the neo-
mycin resistance gene (7). In pigs, disruption of the «1,3GT gene
locus, mediated by a pPL657 vector (5), results in an inactive
enzyme and lack of the a-Gal epitope. Importantly, the production
of anti-Gal Abs was demonstrated in both models (8). Despite
the fact that these animals allow for analysis of anti-Gal Abs in
mediating enhanced immunogenicity, they are limited to analysis
of murine or pig immune responses and cannot be used for HIV-1
studies because they cannot be infected with HIV-1 virus.

Therefore, in an effort to develop a mouse model that is suit-
able for evaluating human immune responses, produces anti-Gal
Abs, and can be infected with HIV-1 virus, this study generated
a humanized mouse model that carries the features of both the
GTKO (7) and NOD.Cg-Prkdc*““IL2Ry"™ WS strain, which is
commonly known as NOD SCID yc ™'~ (NSG) (9, 10) mice. The
NSG mouse combines the features of the NOD/ShiL.t] background
with several deficiencies in innate immunity, the SCID, and an
IL-2 receptor y-chain (IL-2R+y) knockout (9). As a result, the NSG
mice lack mature T cells, B cells, functional NK cells, and are also
deficient in cytokine signaling. This strain is among the most
immunodeficient described to date (11, 12) and permits the most
efficient engraftment of normal human CD34* hematopoietic stem
cells (HSCs) (10-13), resulting in long-term reconstitution and
differentiation of a functional human immune system with human
T cells, B cells, and dendritic cells (11) as well as sustained HIV
infection (14, 15).

It is well documented that the most effective way to enhance
poorly immunogenic proteins, such as tumor-associated Ags, is
by forming an immune complex with their corresponding IgG Ab,
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leading to effective uptake and presentation by APC (16). There
is a strong body of evidence supporting the use of anti-Gal Abs
for enhancing vaccine immunogenicity (17-22) and as an en-
dogenous adjuvant for targeting microbial vaccines to APC. In-
deed, in these studies, the enhanced immunogenicity was increase
up to 100-fold (19); however, the analysis of the immune response
was based on the murine immune cells, and the animal model
did not allow investigation of human immune responses when
anti-Gal Abs were used as adjuvant.

In this study we generated a new humanized mouse model by
crossing the GTKO mice with NSG mice. The resulting offspring
(following a long breeding regimen) were confirmed to carry the
features of both GTKO and NSG mice. This model is of relevance
for the investigation of human-specific immune responses when
anti-Gal Abs are used as adjuvant. In addition, it is considered to be
substantial for HIV-1 studies, as it can be infected with the HIV-1
virus. Furthermore, it can be used in various applications, for ex-
ample, in preclinical evaluations of human-specific antiviral and
antitumor vaccines based on a-Gal epitopes, in xenotransplantation
studies, and in in vivo biomaterials evaluation.

Materials and Methods
Generation of NSG GTKO mice

NSG mice (NOD.Cg-Prkdc*™ 112rg"""/SzJ mice (10), commonly known
as NOD SCID yc¢ ™/~ mice), have a mutant Prkdc gene and IL-2Ry on the
NOD background (H-2d, IgHb/IgMb, Ld*) and were obtained from The
Jackson Laboratory (005557; Bar Harbor, ME). The GTKO mice were ob-
tained from Colombia University. Animals were maintained in the Tulane
Vivarium per Tulane Institutional Animal Care and Use Committee protocol.

Molecular genotyping of mouse strains

Genomic DNA samples were isolated from C57BL/6 GTKO, NSG parental,
or NSG/a-Gal™" mice splenocytes using the QIAamp DNA Mini Kit
(catalog no. 51306; QIAGEN, Germantown, MD) or from ear punches
using NaOH lysis buffer (23). The primers for the «1,3GT, Prkdc*, and
IL-2Ry™™i" genes are listed in Table II. For analysis of the a1,3GT gene,
the reaction mixture contained 0.5 wM of each primer, 25 .l of TagMan
Universal Master Mix II, no UNG (Life Technologies) and genomic DNA
from the ear punch in a final reaction volume of 50 pl. The PCR conditions
were 94°C for 3 min, followed by 40 cycles of 94°C for 15 s, 65°C for 15 s,
72°C for 15 s, and a final extension step of 72°C for 10 min. For Prkdc*“
and IL-2Ry™""/" amplification, the reaction conditions used 0.2 uM of
each primer, 0.2 uM of each probe, 25 pl of TagMan Universal Master
Mix II, no UNG (Life Technologies), and 200 ng of genomic DNA in a
final reaction volume of 50 wl. The reaction was initially incubated at 50°C
for 2 min, 95°C for 10 min, then cycled 40 times at 95°C for 15 s and 62°C
for 1 min. For analysis of the NOD and C57BL/6 genotypes, genomic
DNA from NSG/a-Gal™" mice (n = 3) was generated from ear punches
(23) and was analyzed by 142 single nucleotide polymorphisms (SNPs) to
differentiate NOD or C57BL/6 markers (The Jackson Laboratory).

Human CD34" cell transplantation

Umbilical cord blood CD34" cells were either obtained from STEMCELL
Technology (Vancouver, BC) or isolated using anti-CD34 IgM, clone 12.8
(a kind gift from Dr. Robert Andrews, Fred Hutchinson Cancer Research
Center), and IgM-magnetic beads (Invitrogen). CD34" cells (1 X 10° cells
per mouse) were injected i.v. into sublethally irradiated (350 rad) NSG
mice. Blood, spleen, and bone marrow were collected at various times to
evaluate human cell engraftment and Ab production in the serum.

Boosting anti-Gal Abs

Production of murine or human anti-Gal Abs was tested before and after
human cell engraftment following i.p. immunizations with a-Gal epitopes.
Animals were boosted by i.p. immunizations with 50 pl of sheep whole
blood lysate (SWBC; Innovative Research, Novi, MI) and 50 pl of IFA
(Sigma-Aldrich) mix. These injections were administered in 1-wk intervals.

Immunohistochemistry

For H&E staining, tissues were fixed, embedded in paraffin, and then cut
into 10-pwm tissue sections. For isolectin immunohistochemical staining,
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tissue sections were deparaffinized with xylene and rehydrated with eth-
anol. Ag epitopes were retrieved by incubating in a Dako citrate buffer for
45 s at 123°C, 15 = 2 pounds per square inch. Endogenous peroxidase
activity was inhibited with 1:1 dilution of 3% H,0, and absolute alcohol
for 15 min at room temperature. The slides were washed in running tap
water for 5 min and then rinsed in 1X TBS containing 0.1% Tween 20.
Sections were then incubated with the Dako Biotin Blocking System
(catalog no. X0590). Isolectin IB4 (catalog no. 121414 biotin conjugated;
Invitrogen) in a 1:1000 dilution was then added to the tissues for 45 min.
Sections were then washed for 10 min with TBS/Tween 20 to remove
excess Abs. The sections were then incubated with an avidin-biotin
complex (PK-6100; Vector Laboratories, Burlingame, CA) for 30 min and
then reincubated with isolectin, as mentioned before, and then treated
with Dako’s DAB+ solution for 3-5 min and then washed in running
tap water and counter strained with H&E. A confocal laser-scanning
imaging system (Leica TCS 4D; Leica Microsystems, Deerfield, IL)
was used for capturing the images.

ELISA

The Anti-Alpha-Galactosyl IgG Human ELISA kit (BioVender, Ashville,
NC) was used according to manufacture protocol to measure the human
a-Gal IgG and was modified to measure mouse a-Gal IgG in sera from
humanized NSG mice. Human and murine anti—a-Galactosyl Abs were
tested by binding to the terminal B-disaccharide Gala1-3Gal—coated wells
with 100 nl of mouse sera or plasma with different dilutions (1:25 up to
1:100). After 1-h incubation followed by multiple washing, 100 wl of the
HRP anti-human IgG (conjugated solution) or 100 pl of HRP-conjugated
goat anti-mouse IgG (H+L) secondary Ab (Invitrogen) with ratio 1:2000
were added to the wells and incubated for 1 h. After multiple washings,
100 pl of TMB substrate solution was added and incubated for 30 min.
The reaction was terminated by adding 100 wl of stop solution, and the
absorbance of each well was measured at 450 nm using an Epoch Spec-
trophotometer from BioTek Instruments (Winoosk, VT). Human plasma
(Gulf Coast Regional Blood Center, Houston, TX) and transient superna-
tant expressing the murine a-Gal Ab M86 VH3-IgG (kindly provided by
Dr. James Robinson) were used as the internal standards in each assay.

Immunofluorescence staining and flow cytometry

Single cell suspensions were prepared from the spleen of three differ-
ent mouse strains: GTKO, NSG parental, and NSG/a-Gal™", and RBCs
were lysed by 2 min incubation with ACK lysing buffer (Thermo Fisher
Scientific). Splenocytes (at least 1 X 10° cells) were washed with PBS
and stained with the corresponding Abs or 0.5 pl of fluorescein-labeled
Griffonia simplicifolia lectin 1, isolectin B4 (FL-1201; Vector Laborato-
ries) in PBS/BSA for 30 min at 4°C. Cells were then washed twice with
PBS and fixed in 300 pl of 1% paraformaldehyde. Relative fluorescence
intensity of cells was measured using the LSRFortessa flow cytometer
(BD Biosciences, San Jose, CA) and analyzed by using FlowJo software
(Tree Star, Ashland, OR).

Abs used for studies

Anti-human Abs used in this study were purchased from BD Horizon and
included the following: CD45-allophycocyanin (clone HI30), CD4-BV605
(clone SK3), CD8-BV650 (clone RPA-T8); from Beckman Coulter
(Marseille, France) CD20-ECD (clone B9E9) was purchased. Also, we
used anti-mouse Abs from BD Horizon, including CD45-PerCP (clone
30-F11), CD3e-V500 (clone 500A2), CD45R/B220-PE (clone RA3-6B2),
CD4-BV605 (clone RM4-5), CD8a-BV650 (clone 53-6.7), CD11b-Alexa
Fluor 488 (clone M1/70), and IgD-allophycocyanin (clone 11-26¢.2a).

Results

Generation of NSG/a-Gal™" mouse strain

To mimic the human anti-Gal Ab production, we developed a
mouse model that accepts human HSC cell engraftment and is able
to secret natural human anti-Gal Abs. Accordingly, we crossed
GTKO mice with the immunodeficient NOD, Prkdc*'?, and the X-
linked IL2Ry™" (NSG) strain. The GTKO mice lack a-Gal epi-
topes and produce anti-Gal Abs. In vitro fertilization was performed
with sperm obtained from GTKO males and ova obtained from
NSG females. Offspring were backcrossed to NSG parents. Animals
with the Prkdc*“™® and X-linked IL2Ry"™" mutations and that have
the disrupted o1,3GT gene were selected for further breeding and

genotyping.
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Table I.  Standard and real-time PCR results for a1,3GT, Prkdc*%, and IL-ZR«/‘““Wjl Genes

Gene Allele C57BL/6 GTKO NSG Parental NSG/a-Gal™"
«l,3GT NeoR ++¢ —b ++
) Wild-type - ++ -
Prkdc*¢ Mutant - 25.4 25.0
Wild-type 29.3 - -
IL-2Ry™m!Wil Mutant - 26.8 26.6
Wild-type 27.7 - =

Genomic DNA was isolated from each mouse. Samples were analyzed by standard PCR or real-time PCR for wild-type or mutant
alleles. Either the cycle threshold or the amplification efficiency for each reaction is shown.

“Samples with detectible PCR amplification of the correct size are shown with “++7 sign.

bSamples with undetectable signal are shown with a “—" sign.

Genotyping of the parental mice and the resulting
NSG/a-Gal™" offspring

To verify mutations in the Prkdc®™, X-linked IL2Ry™", and
a1,3GT genes in the parental and hybrid strains, PCR analysis was
performed as described in the Materials and Methods section and in
Table I and Table II. We confirmed that the NSG parental mice
carry the wild-type a1,3GT gene, whereas the NSG/a-Gal™"' mice
have the mutant Prkdc, IL-2Rvy, and a1,3GT alleles (Table I). Next,
we evaluated the relative proportion of C57BL/6 and NOD
background present in the genomic DNA by analyzing 142 SNPs
in the NSG/a-Gal™"' mice. We found that the NSG/ai-Gal™" have
an average of 75.5% NSG SNP alleles. Overall, these results
demonstrate that the Prkdc*', X-linked IL2Ry"™", and the mutant
allele «1,3GT genes were confirmed in the NSG/a-Gal™" mouse
and remained fixed in subsequent generations.

The NSG/a-Gal™" mouse lacks a-Gal epitopes similar to
GTKO mouse

To confirm that the new NSG/a-Gal™" mice lack expression of
a-Gal epitopes, tissue samples and cells from multiple organs
(kidney, skin, and heart) were collected and evaluated for presence
or absence of a-Gal epitopes using immunohistochemistry and
FACS analysis. Tissue sections from kidney, skin, and heart ob-
tained from NSG/a-Gal™" and wild-type mice were embedded
in paraffin and then stained with H&E. The samples were also
stained with isolectin IB4, which specifically binds a-D-galactosyl
residues, and then we examined a-Gal expression using a confocal
laser-scanning imaging system. The NSG/a-Gal™" mice showed
no staining for the a-Gal epitopes (Fig. 1A, 1C, 1E). In contrast,
corresponding tissue samples from wild-type C57BL/6 mice
clearly showed staining for the a-Gal epitopes (Fig. 1B, 1D, 1F).
Similarly, splenocytes were obtained from NSG/a-Gal™", NSG
parental, and C57BL/6 GTKO mice for FACS analysis of a-Gal

epitope expression. Cells were stained for a-Gal epitopes using a
FITC-conjugated lectin Bandeiraea simplicifolia IB4. Only the NSG
parental strain expressed the epitope, whereas the NSG/o-Gal™"
and C57BL/6 GTKO mice lack o-Gal expression (data not
shown). These data confirm the absence of a-Gal epitopes in the
NSG/a-Gal™ mouse.

NSG/a-Gal™ mouse lacks murine Gal Ab

In determining whether the NSG/a-Gal™" mice spontaneously
produce murine anti-Gal Ab as a result of their nonfunctional
a1,3GT gene, blood plasma from C57BL/6 GTKO and NSG/
a-Gal™" mice were tested for the presence or absence of murine
anti-Gal Ab using ELISA. We found that plasma from C57BL/6
GTKO mice displayed modest murine anti-Gal Abs, whereas NSG
parental and NSG/a-Gal™" mice displayed no anti-Gal Ab (Fig. 2).
These data are not surprising because the NSG mice are immuno-
deficient and have very few B cells.

Boosting effect on murine anti-Gal Ab activity in the NSG
parental, C57BL/6 GTKO, and NSG/a-Gal™" mouse

In general, to obtain high levels (similar to that in humans) of anti-
Gal Ab secretion in the plasma of GTKO mice, they may require
boosting with a-Gal epitopes. Therefore, to determine whether
the lack of the murine anti-Gal Ab secretion in NSG/a-Gal™"
mice was indeed because of the lack of mature B cells and not
the level of stimulation, NSG parental, C57BL/6 GTKO, and
NSG/a-Gal™"! mice were immunized three times with SWBC by
i.p. injections at multiple intervals. The activity of the murine anti-
Gal Ab was monitored by ELISA. As shown in Fig. 3, blood plasma
from C57BL/6 GTKO (as positive control) showed a low baseline
level of anti-Gal Ab which increased after boosting with SWBC.
In contrast, the levels of murine anti-Gal Ab in NSG/a-Gal™"
mice serum did not increase in response to vaccination as was seen
with C57BL/6 GTKO mice. Anti-Gal levels in parental NSG mice

Table II. PCR and real-time PCR primers and probes
Name Sequence
al,3GT gene

GT-NeoR (forward)

GT wild type (reverse)

GT wild type (forward)
Prkdc

Forward

Reverse

Mutant probe

Wild-type probe
IL2Ry

Forward

Mutant reverse

Mutant probe

Wild-type reverse

Wild-type probe

5'-CTATCGCCTTCTTGACGAGTTCTTCTGAGG-3’
5'-CTTGAAAGACTTGATCCACGTCCATGCAG-3'
5'-CGTGCACCTGAACCCTCTACATTCCTTAC-3'

5'-CAGACAATGCTGAGAAAAGGAG-3’
5'-CTGCATTCACAAGTCTTACCAAG-3'
5'-[6FAMITAAAATACGCTAAGCTAAGAGAAAG[BHQ1]-3’
5'-[HEX]TAAAATACGCTATGCTAAGAGAAAG[BHQ1]-3'

5'-AAGAGATTACTTCTGGCTGTCAG-3'
5'-ATGCTCCAGACTGCCTTG-3'
5'-[6FAMJAAAGCGCCTCCCCTACCCG[BHQ1]-3"'
5'-CTCTGGGGTTTCTGGGG-3'
5'-[HEX]TGGAGCTGGACAACAAATGTCTGGT[BHQ1]-3’




The Journal of Immunology

C57BL/6 mouse

NSG/a-gal™ mouse

Heart

FIGURE 1. Immunohistochemical detection of lectin staining of various
tissues from NSG/a-Gal™" and C57BL/6 mice. Heart tissues (A and B), skin
sections (C and D), and kidney sections (E and F) from NSG/a-Gal™" and
C57BL/6 mice were stained with FITC-conjugated lectin as described in
Materials and Methods section. The images were collected at original mag-
nification X400. All sections from NSG/a-Gal™" mice lack a-Gal epitopes.

remained low both before and after vaccination. These data in-
dicate that an elevated baseline level of murine anti-Gal Ab is seen
in the NSG/a-Gal™" mice, but the lack of B cells impaired the
anti-Gal Ab response to Ag.

NSG/a-Gal™" mice mimic NSG mice lacking both mature B
and T cells

To confirm that the new NSG/a-Gal™" mouse strain indeed has
impaired immune cells because of the lack of Prkdc and the
X-linked IL-2R<y genes, we analyzed and compared immune cells
from NSG parental and NSG/a-Gal™" mice to C57BL/6 GTKO
mice. Splenocytes were stained with Abs against B220, CD3,
CD4, CD8, CD11b, and IgD molecules. Cells were then analyzed
using flow cytometry to evaluate the frequency of mature B cells
and T cells in our new mouse model compared with the wild-type
mice (Fig. 4A). We found that the B cells and CD3* T cells
(both CD4* and CD8" cells) were essentially absent in both
NSG parental and NSG/a-Gal™" mice (Fig. 4B, 4C, respectively).
These data explain the impaired ability of the NSG/a-Gal™" mice
to respond to Ag and to make murine anti-Gal Abs.

Reconstitution of the NSG/a-Gal™" mouse with human stem
cells and evaluation of immune cells in the humanized
NSG/a-Gal™ mouse

To generate NSG/a-Gal™" mice with human immune cells, pri-
mary human CD34" cells (1 X 10° cells) were then injected i.v.
into the tail vein of sublethally irradiated NSG/a-Gal™" mice at
5-6 wk of age. Engraftment of human immune cells in the blood
was followed in NSG/a-Gal™" mice at repeated intervals after
transplantation. Peripheral blood (PB), spleen, and bone marrow
were taken at the final time point for analysis. Reconstitution of
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FIGURE 2. Production of the murine anti-Gal Abs in NSG parental,
C57BL/6 GTKO, and NSG/a-Gal™" mice. The production of murine anti-
Gal Abs was analyzed by ELISA. Data are represented as mean = SD of
the absorbance.

immune cells was measured by analyzing the expression of dif-
ferent human immune cell surface markers (CD45, CD4, CD8
and CD20 Abs) in the PB cells (Fig. 5A), spleen (Fig. 5B), and
bone marrow (Fig. 5C) by flow cytometry. FACS analysis
revealed the presence of human CD45* lymphocytes, which
were composed of human CD20" B cells and the appropriate
ratio (2:1) of CD4/CD8 in the human T cell population up to 30 wk
postengraftment (Fig. 5). Even CD34* HSCs were found in the bone
marrow (Fig. 5C). Another interesting observation is that secondary
lymphoid organ spleen (Fig. 5B) has much higher engraftment of
human CD45* than is seen in PB (Fig. 5A) or bone marrow
(Fig. 5C). These data indicate the successful engraftment of human
CD34" cells and lymphocyte development in the new NSG/o-Gal™"
mouse model.

Humuanized NSG/o-Gal™" mice produce human anti-Gal Abs

To evaluate the activity of the human anti-Gal Ab in the humanized
NSG/a-Gal™ mice, sera from Hu-NSG/a-Gal™! mice (with
demonstrated human cell engraftment) were tested for the pres-
ence of human anti-Gal Abs by ELISA. As shown in Fig. 6A, the

0.51

0.41 —+— C57BL/6 GTKO

- NSG/o-Galn!
-+- NSG Parental

0.31
0.24
0.1

-0.1

Anti-Gal IgG
Change in absorbance (450 nm)

Mice plasma

FIGURE 3. Murine anti-Gal Ab levels in serum of C57BL/6 GTKO,
NSG parental, and NSG/a-Gal™" mice before and after boosting. The
production of murine anti-Gal Abs was analyzed by ELISA. Data are
represented as mean * SD of the increase in absorbance 7 and 14 d after
boosting with SWBC lysate.
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FIGURE 4. Lack of mature IgD* B cells in NSG/a-Gal™" mouse. Flow cytometric analysis of splenocytes from C57BL/6 GTKO (A), NSG parental (B),
and NSG/a-Gal™" (C) mice. Cells were gated on murine CD45 and stained for murine CD3 and CD20 (left column), gated on CD3™* T cells and stained
for CD4 and CD8 (center column), and gated on lymphocytes and stained for CD11b and IgD (right column). The numbers in the quadrants indicate

percentages of the respective cell population.

sera obtained from all humanized NSG/a-Gal™" mice were found
to contain human anti-Gal Abs; however, they were present at low
levels. Next, we boosted the Hu-NSG/a-Gal™" mice by i.p. injec-
tion of SWBC mixed with IFA to increase the level of the human
anti-Gal Ab production. As shown in Fig. 6B, at week 3, one of
three mice showed a boosted human anti-Gal response. In contrast,
sera from NSG/a-Gal™" mice without human cell engraftment did
not contain human anti-Gal Abs. These data show proof in principle
that human immune reconstitution in NSG/a-Gal™" was successful
and that human anti-Gal Abs can be produced in the Hu-NSG/
a-Gal™" mice.

Discussion
In this study, we describe the NSG/a-Gal™" mouse, which is
capable of engrafting human HSCs and can be used for preclinical

evaluation of viral and tumor-based a-Gal epitope vaccines. In
addition, it could be used in the xenotransplantation studies, in
which the binding of anti-Gal Ab to the a-Gal epitope is the main
cause of tissue rejection (24-26).

To facilitate analysis of human immune responses to a-Gal epi-
topes, we crossed the C57BL/6 GTKO mice with the immunodefi-
cient strain NSG mice and verified that the offspring NSG/o-Gal™"
mice were immunodeficient and lacked the o-Gal epitopes. In
this study, we chose the NSG mice because they are known to be
excellent hosts for engraftment by human HSCs (13). The NSG
mouse combines the features of the NOD/ShiLtJ background with
several deficiencies in innate immunity, SCID, and an IL-2Rvy
knockout. IL-2Ry is a cytokine receptor chain shared by multiple
cytokines (IL-2, IL-4, IL-7, IL-15, and IL-21) and is required for
high-affinity signaling. IL-15 is required for NK cell development
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and maintenance (27-29), and it has been reported that mutation
or deletion of the IL-2R+y gene results in the absence of NK cells
because of the lack of IL-15 signaling (29). NK cells are innate
lymphocytes that are specialized in the recognition and elimina-
tion of cells that lack expression of MHC class I molecules (30).
Human cells are recognized as MHC-negative and eliminated by

NK cells. Therefore, the combination of these mutations makes
the NSG mouse one of the most permissive hosts for engraftment
by human HSCs.

Human cord blood CD34* HSCs were then engrafted into these
mice, and we confirmed successful human HSC engraftment,
human T cell and B cell reconstitution, and detected low levels of

A s B 6o
FIGURE 6. Human anti-Gal Abs were detected g i
in the serum of NSG/a-Gal™" mice following hu- E o . - . g 40+
man immune reconstitution. Serum from NSG/ E 4 Q
a-Gal™ mice were analyzed for production of g T E 20+ _.»_ T
human (A) or murine (B) anti-Gal Abs after dif- E 24 ] b -
ferentiation of human CD34" HSCs into T cells and Z ‘E 0 :',_.':E :_:
B cells and SWBC boosting. Data are represented as E WA ey e 3 - 1
mean * SD relative to human control serum or the 2 ES _afi
murine a-Gal control Ab M86 VH3 IgG. Da'y 0 Daly 7 Da;r 14 = Daly 0 Daly 7 Da;v 14

Hu-NSG/a-gal™! mice sera
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the human anti-Gal Ab in these humanized NSG/a-Gal™" mice.
However, the anti—a-Gal response only increased in one of three
mice when boosted with a mixture of SWBC with IFA. It is
possible that other immunization regimens could be more effec-
tive in increasing the human anti-Gal Ab production. For example,
using pig kidney membrane for boosting has been reported to be
effective (19-22, 31, 32).

Developing a safe and effective adjuvant remains a challenge for
vaccine design. Previously, we used the strong binding specificity
of the anti-Gal Ab to a-Gal epitope and engineered vaccines that
expressed a-Gal epitopes (19-22, 33). Injection of such vaccines
into GTKO mice led to strong binding of murine anti-Gal Abs to
the vaccines carrying a-Gal epitope and resulted in enhanced Ag
processing and presentation. Based on their Fc/FcyR interaction,
the anti-Gal-coated immune complexes were effectively inter-
nalized by APC, then transported to lymph nodes for enhanced
activation of vaccine-specific CD4" and CD8" T cells, and thereby
increased immunogenicity (21). In addition, we previously
reported that intratumoral injection of a-Gal glycolipids induced
immune responses that were able to overcome regulatory T cell
activity (32), which has recently been reported to be a common
feature among several autoimmune diseases (31). In contrast to
these murine studies, the new Hu-NSG/a-Gal™! mouse model
will allow for the evaluation of human-specific humoral and cel-
lular immune responses, including human regulatory T cell de-
velopment and function, that result from a-Gal epitopes.

Future and ongoing studies may increase engraftment of human
HSCs (34) and the subsequent myeloid and lymphoid cells by
incorporating the production of human stem cell factor, GM-CSF,
and IL-3 present in the NSG-SGM3 mouse strain (35).

In conclusion, by crossing the al1,3GTKO mice with the
NSG mice, we have created an immunodeficient mouse strain
(NSG/a-Gal™ mice) that mimics humans in that it lacks a-Gal
epitopes and secretes anti-Gal Abs. In addition, it allows xenografts
of components of human cellular immune origin. Genetic and im-
munohistochemical studies confirmed that the newly generated
animal model carries the features of both GTKO and NSG mice.
Furthermore, stem cells of human origin transplantation into
NSG/a-Gal™" mice resulted in human immune cells with both
human T and B cells (Hu-NSG/a-Gal™") and production of
human anti-Gal Abs. The new Hu-NSG/a-Gal™" mouse model
can be used in various applications,; for example, it can be used
in preclinical evaluations of viral and tumor vaccines based on
a-Gal epitopes, in xenotransplantation studies, and in in vivo
biomaterials evaluation.
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